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We present a new approach to incorporate self-assembled quantum dots into a Fabry-Pe´rot-
like microcavity. Thereby a 3λ/4 GaAs layer containing quantum dots is epitaxially removed and
attached by van der Waals bonding to one of the microcavity mirrors. We reach a finesse as
high as 4,100 with this configuration limited by the reflectivity of the dielectric mirrors and not by
scattering at the semiconductor - mirror interface, demonstrating that the epitaxial lift-off procedure
is a promising procedure for cavity quantum electrodynamics in the solid state. As a first step in
this direction, we demonstrate a clear cavity-quantum dot interaction in the weak coupling regime
with a Purcell factor in the order of 3. Estimations of the coupling strength via the Purcell factor
suggests that we are close to the strong coupling regime.
The interaction of optically active semiconducting
nanostructures such as quantum dots (QDs) with light
can be massively increased by placing the emitter into a
microcavity, thereby allowing a study of cavity quantum
electrodynamics (CQED) in the solid state. A measure
of the cavity-emitter interaction is the cooperativity pa-
rameter, C = 2g2/κγ, which puts all involved rates in
context: the emitter-cavity coupling rate g, the cavity
photon decay rate κ and the emitter decay rate γ. If
g  κ, γ, the system is in the weak coupling regime and
an emitted photon is irreversibly lost before it can be
reabsorbed. However, the increased photon density of
states associated with the cavity mode results in an ac-
celerated spontaneous emission when the QD and cavity
are in resonance [1]. This enhancement of the sponta-
neous emission increases the quantum efficiency of single
photon sources [2, 3], an important feature for many ap-
plications in quantum information [4]. If g  κ, γ, the
system is in the strong coupling regime and an energy
quantum is coherently and reversibly exchanged between
emitter and cavity mode resulting in new eigenstates, po-
lartions i.e. superpositions of cavity photon and emitter
excitation. Strong coupling is the prerequisite for the
realization of a single photon transistor [5] and enables
QD-QD coupling with potential applications in quantum
information [6]. Both regimes were already observed with
self-assembled QDs in micropillars [7–9] and photonic
crystals [10–13]. Alternative experiments with QDs cou-
pled to fully tunable microcavities showed a clear Purcell
enhancement [14–16] and even allowed the observation of
strong coupling [17].
The threshold to observe a finite splitting in polari-
ton energy is given by 4g > |κ− γ| from the Jaynes-
Cummings Hamiltonian that describes the coupled sys-
tem [18]. While γ is an intrinsic property of the emitter,
g and κ can be tailored by choosing an appropriate cav-
ity design. The cavity decay rate κ is limited by the
reflectivity of the mirrors and characterized by the qual-
ity factor Q = ω/κ, where ω is the resonance angular
frequency of the cavity. The coupling strength g is given
by h¯g = µ12Evac, where µ12 is the emitter’s dipole mo-
ment and the vacuum field Evac ∝ 1/
√
V0 scales inversely
with the cavity mode volume V0. Thus, efforts to achieve
a strong QD-cavity coupling seek to decrease the mode
volume at high cavity Q-factors.
Generally, for QDs coupled to micropillars or pho-
tonic crystal cavity modes, the benefit of a small mode
volume comes at the cost of the Q-factor. Further-
more, spectral and spatial tunability remains limited
in these cavities. Other approaches with tunable cav-
ity designs [19–21] so far incorporate the InGaAs QDs
in a heterostructure which also contains a semiconduc-
tor distributed Bragg reflector (DBR) consisting of sev-
eral pairs of AlGaAs/GaAs. These two materials have
the same lattice constant but a different refractive in-
dex (nAlGaAs = 3.009, nGaAs = 3.54). There are three
issues here. First, this material combination (equal lat-
tice constant but significantly different refractive index)
is unique to GaAs, unfortunately limiting DBR-based
CQED applications to self-assembled InGaAs QDs. Sec-
ond, the relatively low refractive index contrast results in
a high penetration depth of the cavity field into the mir-
ror thus enlarging the mode volume. Finally, semicon-
ductor ’supermirrors’ are essentially impossible to fab-
ricate: growth of more than, say, 40 pairs is extremely
time consuming.
We present here a best-of-both-worlds approach for
CQED: it combines the benefits of a solid state emitter
with a low-loss high-reflectivity dielectric DBR. The tan-
talizing possibility is to embed a fast, robust solid-state
emitter in a low mode volume microcavity formed us-
ing dielectric supermirrors. We remove epitaxially a thin
GaAs layer containing InGaAs QDs and bond the layer
via van der Waals (VdW) forces to a dielectric DBR.
This forms one of the end mirrors in the Fabry-Pe´rot-
like tunable microcavity. The InGaAs QD is a suitable
candidate, partly due to its relative short recombination
time (i.e. large oscillator strength [22]). Dielectric mir-
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FIG. 1. Epitaxial lift-off (ELO) procedure for cavity QED
with QDs. (a) Sample structure before (top) and after (bot-
tom) the ELO process. (b) 1D transfer matrix method simu-
lation of the microcavity design with the bonded ELO layer.
The design is chosen such that a field node is located at the
bonding interface. (c) The fabrication consists mainly of the
following steps: 1. Mesa-etching and attachment to an acid-
resistant teflon stamp; 2. etching of the sacrificial AlAs layer
in 10% HF until the GaAs substrate falls away; and 3. and
bonding to a dielectric DBR. (d) Optical microscope image
of a 3λ/4 thick GaAs layer bonded to a dielectric DBR after
ultrasonic bath cleaning.
rors enable an ultrahigh finesse (up to 106 [23]) with also
a small penetration depth. We note that the approach
shown here enhances greatly the flexibility of cavity ex-
periments: each part of the cavity (bottom mirror, top
mirror, optically active layer) can be individually de-
signed and processed and then combined to create an
optimized CQED system.
We demonstrate a successful epitaxial lift-off (ELO)
and subsequent attachment to a dielectric DBR by van
der Waals bonding. The mirror is then integrated into
the tunable cavity design and we show that the finesse of
the cavity remains high despite the presence of the new
GaAs-DBR interface. Furthermore, we show a weak cou-
pling of a single QD to the microcavity mode as revealed
by a reduction of the lifetime when the QD is in resonance
with the cavity. In fact an estimation of the coupling g
implies that our system is close to the strong coupling
regime and we state that by minor improvements the ob-
servation of the typical anticrossing is within reach in this
system.
In the present proof of concept experiment, we bond
a 3λ/4 epitaxial layer that embeds the QDs onto a
Ta2O5/SiO2 DBR ending with the high refractive index
material (Ta2O5). This serves as one mirror in the tun-
able cavity, while the other consists of a DBR ending
with a Ta2O5 layer as well. A 1D transfer matrix method
simulation of the vacuum field for this particular cavity
design is shown in figure 1b. By design, an electric field
node is located at the GaAs epilayer-mirror interface with
the hope that fabrication imperfections may have only a
limited effect on the finesse. This is a conservative ap-
proach: the penetration depth into the bottom mirror
could be further reduced by bonding a λ layer on a DBR
ending with SiO2, but with the drawback of a field antin-
ode at the interface.
The sample before (after) the epitaxial lift-off is shown
in figure 1a, top (bottom). The heterostructure is grown
by molecular beam epitaxy (MBE) on a GaAs substrate
followed by a 225 nm thick GaAs layer that includes a 120
nm thick short period supperlattice (SPS). On top of the
SPS a 100 nm thick AlAs layer is grown as sacrificial layer
followed by the ELO layer with a total thickness of 3λ/4
for a design wavelength of λ = 940 nm. The ELO layer
contains the InGaAs QDs grown at a distance λ/2 from
the surface such that they are located at an antinode of
the vacuum field in order to maximize the coupling to the
cavity (figure 1b). The QDs are surrounded by another
two SPSs resulting in an average refractive index of the
complete ELO layer n = 3.332.
Figure 1c shows the process of the epitaxial lift-off pro-
cedure and the subsequent van der Waals bonding. For
the separation of the ELO-film, we first deposit a small
piece of Apiezon wax on the sample and heat it to 125
◦C for 1 hour. The melted wax defines a round structure
with diameter of≈ 700 µm for etching a mesa with a solu-
tion consisting of sulfuric acid (H2SO4), hydrogen perox-
ide (H2O2) and deionized water (H2O) with a volume ra-
tio of 1:8:120, commonly known as piranha-solution. We
first etch ≈ 1.5 µm with the piranha solution such that
the AlAs sacrificial layer is exposed for the subsequent
etching with hydrofluoric acid (HF). The piranha-etched
sample with the wax is then reheated to 70−80 ◦C and at-
tached to a homemade teflon stamp before immersed into
the 10 % HF solution ( step 1. and 2. in figure 1c). The
epitaxial lift-off is based on the high selectivity (108 : 1)
on etching AlAs in GaAs in a 10 % HF-solution. During
the etching process with HF, the stress induced by the
surface tension of the wax bows the epitaxial layer and
ensures an open etching channel [24, 25].
After the AlAs sacrificial layer is completely etched,
the substrate falls away and the ELO-film stays attached
to the teflon stamp (3. in figure 1c). The HF-solution
is then highly diluted ( 0.001%) by rinsing with deion-
ized water before the new host substrate is immersed into
the liquid. The host substrate consists of silica coated
with a distributed Bragg reflector (DBR) (design reflec-
tivity 99.98%) consisting of alternating λ/4 layers Ta2O5
(n = 2.06) and SiO2 (n = 1.46) ending with Ta2O5. The
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FIG. 2. (a) Tunable microcavity setup. The ELO-layer
is bonded on the dielectric DBR and the entire sample is
mounted on an xyz-positioner stage that can be positioned
with respect to the concave top mirror. (b) Cross-polarized
darkfield detection scheme realized by two polarizing beam
splitters. The polarization axes of the cavity mode are only
slightly misaligned with respect to the axes of the microscope
head.
ELO-film remains immersed in the solution throughout
the exchange of the substrates and the subsequent bond-
ing is conducted completely in DI-water. This provides
a very clean environment and hence minimizes contami-
nation with particles between the two surfaces [24]. The
weight of the stamp results in pressure on the order of
a few N/mm2 on the sample during the bonding process
(step 4. in figure 1c). After the highly diluted HF solu-
tion is poured away, the sample is dried for 24 h. Ideally,
any remaining water film at the bonding interfaces evapo-
rates and the ELO-film is pulled down by surface tension
such that close range (VdW) forces bond the layer to the
substrate. Experimentally however, a small gap between
the interfaces can emerge during the bonding process
as shown below. The bonded sample is then detached
from the stamp by removing the wax with trichloroethy-
lene (TCE). The resulting bottom mirror structure after
bonding is shown in figure 1b. The bonding strength of
VdW-bonding is sufficient high. Evidence for this is the
optical microscope image in figure 1d, which shows an
intact ELO-film bonded to a DBR mirror even after the
immersion in an ultrasonic bath.
The DBR with the bonded ELO-film serves as an end
mirror in the fully tunable plane-concave microcavity
setup shown in figure 2a and described in detail in [21].
Here, the top mirror consists of a concave mirror with ra-
dius of curvature R of 13 µm, fabricated by CO2-laser ab-
lation and subsequent coating with a Ta2O5/SiO2 DBR,
exactly the same DBR as the substrate for ELO bonding.
Spectral and spatial tunability is realized by mounting
the bottom mirror on an xyz-piezo positioner such that
it can be displaced in three dimensions with respect to
the top mirror. We study the performance of the micro-
cavity including the ELO-bonded bottom mirror at 4 K
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FIG. 3. Performance of the cavity with an embedded ELO
layer. (a) Transmission measurement revealing the funda-
mental and higher order cavity resonances. (b) A single
transmission peak with full width half maximum (FWHM)
of δd = 115 ± 3 pm results in a Finesse of 4, 100 ± 100. (c)
Determination of the smallest accessible mode index by vary-
ing the excitation wavelength. (d) A cross-polarized detection
of the cavity mode in reflection reveals a mode splitting not
observed in transmission (see text).
in a He bath cryostat.
For cavity excitation and detection, we interrogate the
system with a coherent cw laser (linewidth 1 MHz) with
a cross-polarized detection scheme realized by incorpo-
rating two polarizing beam splitters (PBS) in the micro-
scope head at room temperature (figure 2b) [26]. The
cavity is excited with a fixed linear polarization, while
only light orthogonally polarized to the excitation is de-
tected. An additional Si-photodetector mounted directly
underneath the bottom mirror facilitates cavity transmis-
sion measurements.
Figure 3a shows a measurement of the cavity transmis-
sion signal as a function of cavity-length detuning for a
fixed probe laser beam wavelength λ = 940 nm. We iden-
tify two fundamental cavity modes at physical distance
of λ/2, accompanied by higher order modes. The struc-
ture of the cavity mode is described by Hermite-Gaussian
TEMqnm modes, where the transversal mode splitting is
determined by the radius of curvature of the top mirror.
Figure 3b shows one cavity resonance with Lorentzian
lineshape and a full width at half maximum linewidth
(FWHM) of δd = 115 ± 3 pm. We identify the finesse
in the spatial domain to be F = λ/(2δd) = 4, 100 ± 100.
The absolute mode index q = 2δd/δλ is determined by
varying the probe wavelength for the first 3 available
cavity modes (figure: 3c). We reach a minimum mode
index of 7.26 ± 0.48 which translates to an effective
cavity length of l = 3.4 ± 0.2 µm. This length to-
gether with the measured finesse yields a quality factor of
4Q = 2lF/λ = 30, 000 corresponding to a cavity linewidth
of 44 µeV. When measuring in reflection (figure 3d),
we observe a fundamental mode splitting of 57.65 µeV.
The two modes reveal linewidths of 38.53 and 40.29 µeV
respectively (Q-factors: 34, 200 and 32, 700), agreeing
well with the linewidths expected from finesse and cavity
length measurements in transmission.
The fundamental mode splitting of the microcavity
is indicated as c1 and c2 in figure 2b. The two modes
are linearly polarized and we speculate that the splitting
arises in the ELO-layer. We note that the linear polar-
ization axes of the c1, c2 modes coincide with the crystal-
lographic axes of the epitaxial lift-off layer. The birefrin-
gence may be due to strain-induced anisotropy [27] and
was also shown to determine the polarization properties
of semiconductor vertical-cavity surface-emitting lasers
(VCELs) [28].
Figure 2b shows the alignment of our cross-polarized
detection scheme with respect to the linear polarized cav-
ity modes with an angle φ close to pi/2. The two cavity
modes can be characterized by the detuning dependent
reflection (transmission) coefficients r1, r2 (t1, t2) that
obey the relation r2 + t2 = 1. We excite the cavity with
an electric field amplitude E0 along the excitation axis
and detect orthogonally to it. The total signal that is
projected on the detection axis is composed of the two
electric amplitudes E1 and E2 that originate from the
two cavity modes c1 and c2:
E1 =
r1
2
E0 sin 2φ, (1a)
E2 = −r2
2
E0 sin 2φ. (1b)
We detect an intensity in reflection Ir = |E1 + E2|2:
Ir =
I0
4
|r1 − r2|2 sin2 2φ. (2)
For the transmission intensity It the signal depends solely
on the alignment of the excitation with the cavity axis
and we can derive:
It = t
2
1 cos
2 φ+ t22 sin
2 φ. (3)
These two equations suggest that for an angle φ close to
90◦ only the c1 mode is efficiently detected in transmis-
sion, while in reflection the signal is proportional to the
contrast of the detuning-dependent reflection coefficients
r1 and r2.
In the present design, the refractive indices satisfy
n2Ta2O5 ≈ nELOnSiO2 , close to the condition for an anti-
reflection (AR) coating which results in a penetration
depth of 6.70 µm into the bottom mirror and a minimal
total cavity length of 7.32 µm when simulated with a 1D
transfer matrix method. This is significantly larger than
the 3.4 µm estimated from the absolute mode index in fig-
ure 3c. We explain this discrepancy between theory and
experiment by an imperfect bonding of the ELO layer
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FIG. 4. Quantum dot in a tunable microcavity. (a) PL spec-
trum as a function of cavity tuning. Distinct bright points
signify the emission from single QDs. (b) Lifetime measure-
ments (black dots) of the QD with λQD = 933.18 nm as a
function of cavity-dot detuning. A clear reduction of the life-
time is observed on resonance owing to the Purcell effect. The
blue dots show the simultaneously recorded total counts. The
red curve is a fit to equation 4, where the green dashed lines
indicate the two Lorentzians of the fit. (c),(d) Lifetime mea-
surement of the cavity 300 µeV detuned and on resonance.
Single exponential fits taking into account the internal re-
sponse function reveal lifetimes of 665 ps detuned and 318 ps
on resonance.
to the bottom mirror. A simulation of a 22 nm thick
gap with refractive index n = 1 (equivalently a 17 nm
thick H2O-film) between the ELO layer and the bottom
mirror supports this assumption. Such a configuration
breaks the condition of the AR coating and the penetra-
tion depth is reduced to 2.06 µm. Together with an air
gap of ≈ 0.5 µm (due to imperfect parallelism of the two
mirrors) we calculate a total cavity length of 3.00 µm, in
accordance with the measurement.
We demonstrate weak coupling of a single InGaAs QD
to our tunable microcavity by means of photolumines-
cence (PL). The cavity-QD system is nonresonantly ex-
cited (λ = 830 nm) and the emitted signal is analysed
by a CCD-based spectrometer with a spectral resolu-
tion of 40 µeV. The cavity resonance is tuned by ap-
plying a voltage on the z-piezo, which acts on the cavity
length. Figure 4a shows the spectrum as a function of
cavity detuning. We detect an emission into the cavity
mode for all values of z. Earlier crosscorrelation mea-
surements [29, 30] interpreted this background as a hy-
bridization of the higher QD states with the neighboring
wetting layer [31]. The discrete bright spots at specific
energies indicate the coupling of a single QD to the cavity
mode. The QD transitions observed here do not show a
fine-structure splitting, a characterization feature of the
neutral exciton X0. It is likely that the transitions ob-
5served here are charged excitons X−1.
To verify that the enhanced PL at the cavity reso-
nance represents more than spectral filtering of the QD,
we study the cavity-QD dynamics in the time domain
for a single QD with λ = 933.14 nm. The cavity-QD
system is excited by a Q-switched pulsed nonresonant
laserdiode with repetition rate of 80 MHz and a pulse
width of 50 ps. The excitation pulse defines the start
signal. The stop signal is provided by the detection of
an emitted photon by an avalanche photodiode with a
timing resolution of 340 ps and a dark-count rate of 20
counts per second. Figure 4c shows a lifetime measure-
ment of the cavity-QD system at 300 µeV detuning. A
single exponential fit taking into account the internal re-
sponse function (IRF) reveals a lifetime of 665 ± 10 ps.
At zero detuning (figure 4d), the lifetime of the QD is re-
duced to 318 ± 70 ps implying an increased spontaneous
emission rate. For comparison, the lifetime of five differ-
ent QDs not coupled to the cavity mode were measured
yielding an average lifetime of 805 ± 150 ps.
Figure 4b shows lifetime measurements for different
cavity-QD detunings. Due to the cross-polarized detec-
tion, only one cavity mode is observed in PL (figure 4a).
However, the QD still couples to both orthogonally po-
larized modes and we expect a lifetime reduction in both
cases. Thus the simultanously recorded countrate (blue
dots in figure 4b) reduces at a detuning where the life-
time still remains low. Consequently, we fit the lifetime
data in figure 3b with a double-Lorentzian:
γcavity
γfree
=
FP1∆
2
1
4δ21 + ∆
2
1
+
FP2∆
2
2
4δ22 + ∆
2
2
+ α. (4)
According to the measurements performed without a
cavity, we take a free space decay rate of γfree =
1.25 ± 0.23 GHz. γcav is the decay rate into the cav-
ity mode. The first two terms in equation 4 describe
the cavity-QD detuning-dependent relative decay rate ac-
cording to the density of states in the two microcavity
modes. The term α describes the relative decay rate into
leaky modes of the cavity. FP1 (FP2) is the Purcell fac-
tor corresponding to the first (second) cavity mode, ∆1
and ∆2 are the two cavity mode linewidths and δ1 (δ2) is
the cavity-QD detuning with respect to the first (second)
cavity mode.
From the fit, we determine Purcell factors of FP1 =
1.27 ± 0.04 , FP2 = 0.79 ± 0.04 and α = 1.12 ± 0.01.
The corresponding linewidths are ∆1 = 121.83 ± 5.8 µeV
and ∆2 = 106.93 ± 10.71 µeV and the splitting between
the modes is 100.14 ± 5.11 µeV. The errors on the
determination of the two Purcell factors FP1 and FP2
arise from the statistical error of γfree, while the errors
in the widths arise from the double-Lorentzian fit. The
linewidth values are significantly larger than those in fig-
ure 3d, where the cavity was probed with a laser and a
cross-polarized detection scheme. As an explanation for
this finding we note that we integrated for 30 minutes for
each point in figure 4b in order to achieve low noise de-
cay curves. On these long timescales the cavity resonance
drifts slightly since we do not actively stabilize the cav-
ity length during measurement. This wandering of the
cavity broadens the lineshape of the cavity-dot detuning
dependent lifetime by a factor of ≈ 2.5. Therefore we
argue that the estimated Purcell factors represents the
lower limit that is reached in the present setup (with a
γfree of 1.25 GHz). Correcting for the drift we evaluate
F ′P1 ≈ 3.2 and F ′P2 ≈ 2. We note also that if the c1, c2
splitting could be eliminated, Fp would rise to ∼ 5.
Once the Purcell factor is known an effective mode
volume can be estimated by:
V0 =
3Q (λ/n)
3
4pi2Fp
, (5)
with a Q-factor of 33, 000 and an averaged refractive in-
dex n of the ELO-layer of 3.332. A free space decay
rate of 1.25 GHz translates into a dipole moment µ12 of
1.2 nm and we calculate the coupling g with
g =
√
µ212ω
20n2h¯V0
. (6)
We find h¯g = 11.75 µeV. We estimate a vacuum field
Evac at the location of the QDs via h¯g = µ12Evac to be
Evac = 1.0 × 104 V/m. This is lower compared to the,
2.5 × 104 V/m, calculated from the transfer matrix sim-
ulation. Imperfections at the bonding interface may shift
the maximum of the vacuum field such that the location
of the QD does not coincide with the electric field antin-
ode. However, simulations with an airgap of 22 nm be-
tween the ELO layer and the bottom mirror suggest that
this effect is negligible: the shorter penetration depth re-
sults in an increased vacuum field compensating for the
vertical displacement of the antinode.
Since we do not have immediate access to the QD un-
coupled to the cavity in our setup, the free space decay
rate γfree remains the uncertain factor for the Purcell fac-
tor estimation. However, the estimation of the coupling
strength g is stable with respect to γfree. This is due to
the fact that in our analysis the Purcell factor scales with
1/γfree and hence g ∝ 1/√γfree, while simultaneously g is
proportional to µ12 ∝ √γfree and the γfree - dependency
of g cancels out.
We point out that with a coupling rate h¯g ≈ 12 µeV
and cavity rate h¯κ ≈ 40 µeV our cavity-QD dynamics are
already close to the strong coupling regime 4g > |κ− γ|.
Moreover, our setup offers several possibilities to improve
the cooperativity factor. Notably κ can be significantly
reduced by using ’supermirrors’ with an ultrahigh re-
flectivity. Furthermore, as mentioned above, the cur-
rent configuration at the interface of 3λ/4 ELO/ λ/4
Ta2O5 / λ/4 SiO2 results in a relatively high penetra-
tion depth and an unwanted reduction of the vacuum
6field strength. Now that a high quality ELO layer-DBR
mirror is established, a λ-layer ELO can be bonded to a
SiO2-terminated DBR. Simulations suggest a reduction
of the penetration depth from 6.70 µm to 4.30 µm and
an increase of the vacuum field strength by factor 1.4 -
already enough to observe a clear strong-coupling signa-
ture. To reduce the mode volume further, one possibility
would be to use materials for the mirrors with a higher
refractive index contrast.
In conclusion we have demonstrated a hybrid high-Q,
low mode-volume tunable Fabry-Pe´rot microcavity con-
sisting of a thin GaAs epilayer and dielectric mirrors.
The fundamental requirements for cavity QED are met
in this system: the finesse was high despite the new inter-
face between dissimilar materials and the QDs remained
optically active with low linewidths. Furthermore, we
verified that the QD-cavity system operates in the weak
coupling regime close to strong coupling. We argue that
our epitaxial lift-off approach opens new possibilities for
cavity QED in the solid state.
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